This report summarizes experimental and test results from a two year LDRD project entitled Real Time Error Correction Using Electromagnetic Bearing Spindles. This project was designed to explore various control schemes for levitating magnetic bearings with the goal of obtaining high precision location of the spindle and exceptionally high rotational speeds. As part of this work, several adaptive control schemes were devised, analyzed, and implemented on an experimental magnetic bearing system. Measured results, which indicated precision positional control of the spindle was possible, agreed reasonably well with simulations. Testing also indicated that the magnetic bearing systems were capable of very high rotational speeds but were still not immune to traditional structural dynamic limitations caused by spindle flexibility effects.
Introduction and Results
Supporting rotating spindles with magnetic bearings offers a number of advantages over conventional fluid or ball/roller bearings. Magnetic bearings generally have very low drag, do not require any lubrication, and there is no physical contact between the spindle and the bearing. These characteristics make these bearings very useful for applications where low friction, high speed, cleanliness, and maintenance free life are needed. A number of systems (precision gyroscopes and artificial heart pumps are examples) have been built utilizing these advantages.
Magnetic bearings have some disadvantages as well. They are usually unstable and require active control systems to ensure the spindle is properly levitated within the journal. Their stiffness is relatively low, compared to conventional bearings. They are more expensive and bulkier than conventional bearings, mainly due to the size of magnets needed and the supporting equipment required.
This LDRD project started out with the goal of looking at improved control algorithms that could levitate a magnetic bearing more precisely and adjust for changing load conditions on the spindle. This sort of control was envisioned as enabling magnetic bearings to be more suitable for high speed or micro machining applications, where high RPM and very precise control of the spindle location are necessary. To evaluate alternative control schemes and explore the high RPM capabilities, a laboratory scale magnetic bearing demonstrator (MBC 500) was procured from Magnetic Moments, Inc. This system came with its own internal controls that levitated the bearing. In addition, the setup allowed insertion of alternative controllers either in parallel or in replacement of the built-in controller. This proved to be a very useful setup for evaluating a variety of control algorithms. Several modifications were made to the spindle and its air turbine drive to explore the high RPM performance envelope.
Two adaptive control schemes were implemented and evaluated. The first, an adaptive LMS (Least Mean Squares) controller was created with a programmable digital signal processing (DSP) card and installed in parallel to the built-in controller. This controller was able to effectively center a wobble in the system due to shaft imbalance. The results of this work are summarized in Appendix A. The second controller used an APACA (Amplitude-Phase Adaptive Control Algorithm) approach. This controller was implemented similarly to the LMS algorithm, and the results summarized Appendix B.
Both adaptive algorithms were mathematically modeled using a commercial, general purpose simulation tool (Simulink ® ) and the results were compared with measurements on the MBC 500 demonstrator. The agreement between test and experiment was quite good, and both adaptive controllers offered significant improvement in spindle concentricity in the bearing relative to the built-in, non-adaptive controller.
A limited number of tests were conducted with the LMS algorithm to determine the maximum speed capability of the MBC 500 bearing demonstrator. The first series of tests showed that the LMS algorithm adapted well to reduce eccentricity due to imbalance, but the algorithm was still incapable of stabilizing the shaft through its first critical frequency at 40,000 RPM. Although efforts were made to balance the shaft more precisely and to modify the drive turbine to accelerate the shaft more rapidly through the first critical speed, this still did not allow speeds above 40,000 RPM.
Magnetic Moments eventually modified our MBC 500 with a much shorter shaft that would have a correspondingly higher first bending mode and critical speed. Maximum RPM with this system operating with the LMS algorithm was approximately 120,000 RPM.
Conclusions
The experiments and analysis of controllers indicate that magnetic bearing systems are well suited for control using modern automatic control algorithms. The adaptive algorithms investigated are capable of producing stable bearing performance while reducing eccentricity errors due to applied loads. They are relatively easy to implement with today's programmable digital signal processing capabilities.
Magnetic bearings are indeed capable of very high rotational speeds, and we successfully drove our spindle to 120,000 RPM. However, the controllability of the bearing did not allow the spindle to overcome traditional structural dynamic limitations on spindle speeds caused by vibrational modes in the spindle.
INTRODUCTION
An active magnetic bearing typically consists of three or more electromagnets, each of which exerts an attractive force on the ferromagnetic rotor, levitating it without contact. These bearing systems are inherently unstable and control systems are needed to levitate and control the shaft within the magnetic journal. Commercial applications of the AMB are currently limited to high cost or high consequence applications that primarily take advantage of the lack of particulate contamination inherent to the AMB. These applications include a leftventricular assist device (an artificial heart) and vacuum pumps.
This project investigated some of the issues of using AMBs in a machine tool environment. Specifically, the issue of shaft imbalance was addressed for high-peed spindles used in machining applications. There are several advantages of highspeed machining such as reduced cutting forces, lower heating rates, and minimal coolant consumption as compared to conventional machining processes. The high-bandwidth errorcorrection capability of AMBs can minimize dimensional errors while producing superior surface finishes. AMB systems also offer very high-speed capabilities without encountering the wear and lubrication problems seen by conventional bearings. The disadvantages are the additional cost and reduced static stiffness of the bearing compared to conventional bearings.
This study involves the implementation of an LMS digital control algorithm to maintain concentricity of an intentionally unbalanced spindle. A system model was constructed and, where possible, the system subcomponents were modeled and validated. The model was used in a simulation environment to predict the performance of the LMS algorithm.
It was determined that the system was decoupled so that the three dimensional system could be modeled as two separate twodimensional systems. The LMS controller was implemented on an AMB system using a programmable digital signal processor (DSP). Testing of the controlled system at 12,000 rpm indicated that the LMS control provided excellent shaft concentricity which agreed well with the simulation.
EXPERIMENTAL TESTBED
The bearing system used for this study was the MBC500 from Magnetic Moments, Inc. The MBC500 consists of two sets of active magnetic bearings supporting a simple spindle. The spindle is actively positioned in the radial direction using the integrated analog sensor and control system. The shaft rotates about its longitudinal axis and is driven by an air turbine to speeds above 40,000 RPM. To provide a completely selfcontained system, the controllers, sensors, actuators and conditioners were all integrated into the MBC500 [1] . The system accommodated teeing into the sensors and actuators as well as bypassing the internal controllers which made the MBC500 an excellent choice for AMB control design.
SIMULATION MODEL
The AMB system was modeled using a general purpose simulation environment (Simulink). The need for a timemarching non-linear simulation environment was due to the non-linearities in the electromagnets and sensors. The purpose of the simulation was to aid in predicting the performance of the LMS. The system block diagram model of the MBC500 is shown in Figure 1 . 
Figure 1 -System block diagram
As seen in the block diagram the major system components include the plant (the simple spindle dynamics), the sensor (eddy current), the internal analog controller (ProportionalIntegral-Derivative) and the actuator (AMB). The following sections describe the modeling of each of the system subcomponents.
Plant Dynamics
In the system model shown in Figure 1 , plant dynamics consist of the free-free modes of the shaft. Since the gyroscopic affects are negligible, and the system is symmetric (mechanically and electrically), the model was reduced to a two-dimensional system. Although the system never goes through a critical speed for these tests, it is important to model the spindle flexible-body dynamics to obtain good control simulation fidelity. In this case, the first bending modes of the two dimensional shaft were included in this simulation. A simple Finite Element Analysis (FEA) was performed using free-free conditions to obtain the dynamic equations. The first two bending modes for the spindle are shown in Figure 3 along with the AMB force input locations. The analytically derived mass and stiffness matrices were augmented with an experimentally derived damping matrix. Using the rigid-body and flexible-body equations the plant statespace model was assembled as shown in Equation 1 below.
where 'P' signifies the plant matrices and states. In this model, the restoring forces of the plant (shaft) are those exerted by the magnets, which are not included in the state-space model. These AMB forces are used as the inputs (F) to the state-space model, while the outputs (Y) of the system are the positions of the shaft.
Sensor Dynamics
The control feedback sensors for this AMB system consist of two orthogonal eddy current proximity probes at each shaft end near the AMB center of force (nearly colocated). The target for the eddy current sensors is the circular shaft that inherently makes the output of voltage versus displacement somewhat nonlinear in the operating region. The output voltage with respect to meters displacement is given as 3 9 10 24 5000 Figure 3 provides the displacement versus voltage for a given axis. As can be seen by the plot, the output is relatively linear for small deflections but the non-linearity becomes more pronounced at the higher displacement levels (hardening spring effect). The range of motion for the MBC500 shaft is .0004 meters; Figure 3 is shown with a range to .0003 meters to deemphasize the stronger non-linear affects with displacements above .0003 meters. 
Controller Dynamics
There are four independent PID analog controllers supplied with the MBC500. The implementation is primarily proportional feedback of the sensor displacement. For a truly colocated sensor-actuator pair and a linear uncoupled system, this is a very robust controller, and for this application it works very well. In essence, the proportional displacement feedback offers a virtual stiffness to the system that results in a bounce mode at about 70 hertz and a pitch mode at about 45 hertz. The non-linearity in the system (mostly due to the actuator) adds effective damping to the system and the result is a well behaved mechanical system.
Active Magnetic Motor Dynamics
The magnets can only exert an attractive force so each bearing consists of four electromagnets. These electromagnets are positioned in a simple opposing pull-pull arrangement for each orthogonal axis at each end of the spindle. A simple cartoon diagram of a single electromagnet is shown in Figure 4 . The force exerted by one electromagnet on the shaft is
where A is the cross-sectional area of the magnet, µ0 is the permittivity of free space, g is the gap between the electromagnet and the rotor, and N is the number of coils in the magnet, each carrying current I. The MBC500 has a gap of 0.0004 meters and a bias current of 0.5 amperes at equilibrium. The total force on the shaft at one bearing due to both magnets (in one axis) is As can be seen by the equation above, the output force of the AMB is highly non-linear with respect to the inputs; the force is proportional to the square of the controller current, and is inversely proportional to the square of the gap. Figure 5 provides an output force map from the actuator as a function of control voltage and shaft displacement. As can be seen by this figure, the output forces become highly non-linear as both the displacement and control voltage become large. 
Modeling the closed loop system
As discussed earlier, a full simulation of the AMB system is necessary because of the non-linearities in the system. Strong system non-linearities do not allow for accurate linear analysis when trying to predict the response of a system especially when it is to be used for closed-loop control-algorithm development.
Because of this, a time marching simulation method must be employed to offer reasonable prediction accuracy. Additionally, the operating amplitudes of the simulation must be close to those expected in service (or in the validation experiments) or the resulting predictions may have significant errors. The basic model was first exercised using Simulink to produce model validation data as presented in the following sections. Next, the model was used to determine the effectiveness of an LMS algorithm for mitigating shaft eccentricity.
System Validation
The validation of a system model for predictive simulation typically requires a great effort. The first step in the process is to determine how success will be qualified in terms of the goal of the prediction and the significance of the error sources. In this case, the purpose of the simulation was to evaluate alternative control approaches to the imbalance problem of an AMB shaft. Particularly, the LMS algorithm was being evaluated for its performance in a steady state mode of operation.
To perform this task, it was assumed that a good representation of the rigid-body modes of the system was important. The representation selected for this comparison task was the system FRF from AMB actuator forces to the sensor deflections near a nominal operating amplitude. Figure 6 provides the simulated and measured FRFs for input at one actuator and its respective response. As can be seen, the model compares well at the resonance. The deviation of the FRF off resonance (especially at the low frequencies) will not particularly affect the In addition to the rigid-body and control dynamics, the flexiblebody dynamics of the shaft are usually of importance. Although this simulation operates at frequencies well below the lowest flexible-body mode, the lowest two were included in the model for completeness. These flexible-body dynamics were validated with test. Figure 7 provides the measured and simulated driving-point FRFs for one axis. As can be seen, these functions agree quite well in the regions near the system flexible-body modes. 
LMS Adaptive Control
The LMS adaptive control strategy is a technique that has received considerable attention over the last 20 years [2] [3] [4] [5] ; however, it was the advent of the digital signal processor (DSP) and lower cost system components that has inspired its popularity today. In its primitive state, the LMS algorithm is a gradient descent algorithm used for system identification whose result is used in an FIR implementation to produce a cancellation signal. The cancellation signal is then added to the primary signal (usually mechanically) to produce the resultant error signal which is ideally much smaller than the original primary signal. The modern uses of LMS for active noise cancellation have shown excellent performance for applications such as interior cabin noise cancellation for propeller driven aircraft.
The basic idea of LMS control is shown in Figure 8 . As can be seen in this simple diagram, there is a reference signal that is convolved with a time varying weighting function which produces the output signal (y) which is added to the primary signal (p) to produce the error signal (e).
Error signal [e(n)]
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Figure 8 -Functional diagram of the LMS algorithm
The equation below describes the FIR convolution of the current filter weights (w) by the reference signal (x),
where N is referred to as the number of taps.
The kernel of the gradient descent algorithm used to update the weights in the LMS implementation is described in the following equation. As shown, the weights (w) are updated by the current error value (e), the reference vector (x) and a user specified scalar (µ),
The cancellation signal is added to the primary noise signal to produce a resultant error signal which ideally is significantly smaller that the original primary signal. The LMS algorithm is a feed-forward controller (usually inherently stable) but the rapid updating of the weighting function could result in an unstable control. The user's choice of µ, error scaling factors, number of taps (length of the weighting filter) and sample rate all play a significant role in the stability of the implementation.
Application of LMS to AMB
Although the LMS was once seen as a cure all, its commercial implementations have been limited to a few active noise cancellation products. The reason for the lack of customer acceptance appears to be threefold: 1) cost of implementation compared to the alternative passive methods, 2) poor performance due to inappropriate applications and 3) potential for instability. Of the three reasons listed, the inappropriate use of the LMS has been the most significant contributor. Like many new technologies developed for particular applications there is a desire to apply the technique to a much wider field. The practical implementation of the LMS algorithm is particularly well suited for low frequency (below 300 hertz) periodic signals. Ideally, the signal to be controlled would be constructed of one or two primary frequencies with some possible broadband noise. Any potential LMS application should be tested for this at the preliminary stages, followed by examination of the practical aspects.
In the case of the AMB and shaft imbalance, the LMS implementation is a very good fit. Given the nominal operating speed of 12,000 RPM (200 hertz) and a simple imbalance (stationary single sinusoidal) the system meets the primary requirement of low frequency and a few tones. The fact that sensors and actuators already exist for any AMB system makes the implementation very practical.
The shaft imbalance problem has an additional advantage in the fact that the system axes are uncoupled so that simple single-input/single-output (SISO) algorithms can be employed reducing the performance requirements for the DSP.
In essence, the run-out of the shaft is picked up by the displacement sensor in the AMB bearing, this signal becomes the error signal (primary signal) to be minimized. Given that the signal can be minimized, then the shaft would become more geometrically centered with respect to the bearing housing.
LMS Simulation
The basic time domain LMS algorithm was implemented in both simulation and experiment. The LMS system model utilized the validated Simulink model as a basis with the addition of a imbalance forcing function and an LMS feedforward algorithm. The figure below provides the block diagram for the LMS system model. As can be seen in the figure, there is the basic PID inner loop with the additional LMS control loop wrapped around it. In the case of the simulation, the standard SISO digital implementation of the LMS was implemented. In this particular case, the bearing 1 X axis was chosen, although the simulation predicted the responses in all axes.
The required inputs to the LMS algorithm are the reference signal and the error signal. In this simulation, a sinusoidal forcing function was generated at a frequency (200 hertz) and amplitude consistent with the test configuration. The forcing function simulated a mass imbalance at the bearing 1 X and Y axes. This forcing function was also used as the LMS reference signal because it was coherent with the error signal to be attenuated. In practice, the equivalent quality signal is derived from the tachometer. The error signal was the simulated voltage from the eddy current sensor located at 1 X. The resultant LMS output signal was added to the control voltage and injected to the AMB.
The LMS parameters investigated during the control algorithm development included the effective sample rate of the analogto-digital (A/D) converter, the number of taps of the weighting vector and the convergence coefficient (µ).
Figure 10 provides a summary of the results of the simulation. Again, the imbalance was simulated at one end of the shaft in both directions. The upper plot is the X displacement versus time, while the lower plot is the Y displacement versus time. At the start of the simulation, both axes have equal sinusoidal runnout (.000075 meters) due to the imbalance. As seen by the X displacement (the control axis), the LMS control quickly moves towards reduction of the error signal. At the end of the three second simulation, the error signal is attenuated by a factor of ten. The cross axis coupling (to the Y axis) is near zero as seen by the fact that the uncontrolled Y axis is not affected by the control forces injected at the X axis. 
LMS Experiment
The basic time domain LMS algorithm was implemented in experiment using the MBC500 and the LMS simulation approach. The natural imbalance of the shaft was sufficient for reasonable eccentric rotation at 12,000 RPM. The once per revolution tachometer provided a very clean signal which was coherent with the imbalance as required for LMS.
The PC-based DSP system was programmed for a SISO LMS with the capability to update µ in real-time. The nominal parameters from simulation were used in the baseline DSP implementation and are given in Compared to the simulation, the results of this test are very good and converge even more quickly. The reason for the quicker convergence is that the µ used in the test was higher than that of the simulation. Although the attenuation of the imbalance is fast, the impulsive nature of the control force when first activated causes a rigid-body motion which takes a few seconds to settle out.
Multi-Axis Experiment
As stated earlier, it was suspected and confirmed through modal experiments that the system axes were reasonably decoupled. Due to the uncoupled system dynamics, the single axis LMS control experiment could be extended to two independent control implementations. The single tachometer signal and the displacement error signals were fed into separate LMS algorithms which produced independent control signals. Figure 12 presents the measured shaft deflections for the two-axis LMS control off versus LMS on. As can be seen in the figure, at the start there is a significant once per revolution displacement on all axes due to the imbalance. At 0.3 seconds, the control is turned on for the X axes and their displacements are significantly reduced. The Y axes deflections are also somewhat reduced over time. It should be noted that the LMS controller can only produce energy at the frequencies contained in the reference signal. In this case that means that only the once per revolution frequency could be produced from the LMS control and subsequently injected into the MBC500. Although a single frequency may be injected into the MBC, the non-linear nature of the AMB could produce strong harmonics which would not be controlled by the LMS. This coupled with a small DC bias in the DSP would at times increase the RMS deflections of the shaft, although for most measurements this was not an issue.
Application to Critical Speed
The natural question of the AMB/LMS control philosophy is its ability to go through system critical speeds. Typically there are three methods used for getting through a system critical speed: shaft balancing, high slew rates and adding damping. The next few paragraphs discuss the possibilities of using the AMB to implement these techniques.
Although it may seem that the spindle centering translates into a balanced shaft, this is not true. In fact, geometric centering may actually create more imbalance forces in the system which would worsen the issue of critical speed excitation. Since a general system may require multiplane balancing, it is unlikely that the AMB system would be able to contribute to going through the critical by active centering.
There have been many active control applications which have added damping to a system. To efficiently use active control to increase system damping, the actuator must be placed at a location which are well matched to the modes to control [6] . A good measure of the effectiveness of an actuator to a given mode is the normalized length of the input shape vector. It is apparent from the mode shapes in Figure 2 that the locations of the AMB forces are not optimal for contributing to those modes. In fact, the AMB excitation locations are close to the nodal points for both modes; although they are quite good for the rigid-body modes for which they were intended. Table 2 provides the norm of the input shape vectors for modes one and two given the AMB actuator force locations. As can be seen by the table, the norms are very low (compared to a value of 1.0) which indicates that these are poor locations for controlling the modes. Without a good coupling of the actuator forces to the mode, the ability to perform active damping is poor and it is suspected that this is the case for AMB modal damping. Another method of getting through critical speeds is to use a high slew rate (fast rate of change of the RPM). This effectively reduces the excitation energy going into the particular mode by reducing the time spent at that modal frequency. Although the AMB control cannot contribute to the slew rate, it may be able to change the modal frequency. By changing the modal frequency from a high value to a lower value over a short period of time, an effective high slew rate could be achieved. Unfortunately the placement of the actuators result in low controllability and therefore this approach may not be feasible with the current AMB configuration.
Conclusions
The work presented in this paper concentrated on an AMB test program that utilized the actuator capability to dynamically center a spindle. An unbalanced AMB spindle system was enhanced with an LMS (Least Mean Squares) algorithm wrapped over an existing PID rigid-body controller. The enhanced controller improved the concentricity of the MBC500 imbalanced shaft by two orders of magnitude.
The methods and the implementation of predictive simulation, model validation and test implementation were shown here to be useful for control development. Additional efforts will be pursued which address high slew rate operations and alternative error signals. The LMS control approach of AMB systems presented in this paper are extendable to reduction of forces into the bearing housing (a notch filter) and possibly force minimization through critical speed resonance.
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ASTRACT
The force exerted on the rotor by an active magnetic bearing is determined by the current flow in the magnet coils. This force can be controlled very precisely, making magnetic bearings a potential benefit for grinding, where cutting forces act as external disturbances on the shaft, resulting in degraded part finish. It is possible to achieve precise shaft positioning, reduce vibration of the shaft caused by external disturbances, and even damp out resonant modes. Adaptive control is an appealing approach for these systems because the controller can tune itself to account for an unknown periodic disturbance, such as cutting or grinding forces, injected in to the system. In this paper we show how one adaptive control algorithm can be applied to an AMB system with a periodic disturbance applied to the rotor. An adaptive algorithm was developed and implemented in both simulation and hardware, yielding significant reductions in rotor displacement in the presence of an external excitation. Ultimately, this type of algorithm could be applied to a magnetic bearing grinder to reduce unwanted motion of the spindle which leads to poor part finish and chatter.
INTRODUCTION
In magnetic bearing systems, a spindle is levitated with magnetic fields created by either permanent magnets or electromagnets (or both) so that no part of the spindle comes in contact with the bearings. With permanent magnets, the force exerted on the rotor can be either attractive or repulsive. A repulsive force results in a system that is stable without a controller. However, the force exerted by the permanent magnets cannot be controlled and is limited by the strength of the magnets. With electromagnets, the force on the rotor can be varied by changing the current flow in the magnet coils. This results in an active magnetic bearing (AMB). However, the levitating forces are attractive, making the system inherently unstable and requiring the use of a controller.
The force exerted by the electromagnets can be controlled within N, making it possible to achieve precise shaft positioning, reduce vibration of the shaft caused by external disturbances, and even damp out resonant modes. This makes magnetic bearings a potential benefit for grinding and other 0.05 ± metal cutting processes, where cutting forces act as external disturbances on the shaft, resulting in degraded part finish. AMB systems also do not have the wear and lubrication problems seen by conventional bearings, but require additional electronic and cooling systems. Furthermore, they are limited in load capability Adaptive control is an appealing approach for these systems because the controller can tune itself to account for an unknown periodic disturbance, such as cutting forces injected in to the system. In this paper we show how one adaptive control algorithm can be applied to an AMB system with a periodic disturbance applied to the rotor. The purpose is to create an input signal that would counteract the disturbance and result in minimal motion of the spindle. In an application such as grinding, this would result in improved part finish, reduction of chatter, etc. First a model of the experimental system must be developed to test the proposed control strategy. Then the adaptive control algorithm will be described and results will be shown.
EXPERIMENTAL SETUP
The bearing system modelled and used for this paper is a modified MBC500 from Magnetic Moments, Inc. The MBC500 has two active magnetic bearings, each consisting of four electromagnets, supporting the spindle. The bearings are mounted on top of an anodized aluminum case which houses the electronics and also acts as a heat sink for the magnets. The spindle is actively positioned in the radial direction at the bearings and freely rotates about its long axis. The front panel shows a block diagram of the system with BNC connections for easy access to system inputs and outputs. An air turbine drives the shaft to speeds up to 10,000 RPM.
The system has four on-board analog lead-filter controllers that levitate the spindle in its default mode. These controllers can be disabled with switches on the front panel, allowing an external controller to be implemented. The BNC connections also allow for an external controller to be wrapped around the on-board controllers while they are still engaged. The modified version of the MBC500 include an external electromagnet mounted on the case near the center of the spindle to be used as a disturbance source. The magnet can be moved to vary the gap between the magnet and the spindle, thereby allowing for a large range of applied forces. The current flow to this magnet is controlled by an external amplifier.
SYSTEM MODEL An accurate model of the system is necessary for designing and testing prospective control strategies. Magnetic bearings are highly nonlinear by nature and, in order to best capture the effects of those nonlinearities, a Simulink simulation was designed. A block diagram representation of the system is shown in Figure 1 . This diagram represents the MBC500 without any external controllers, but with the external magnet applying a disturbance force to the spindle. It is assumed that the spindle is not spinning, so there are no gyroscopic effects and the axes are completely uncoupled. The external force is assumed to be applied exactly at the center of the shaft. The system inputs and outputs are also shown.
Figure 1. Simulink model used to simulate the magnetic bearing system
When external controllers are implemented, either the feedback loop containing the lead-filter compensators is broken and replaced with a computer system which implements the digital controllers, or an external controller is wrapped around the onboard compensators, leaving the feedback loop intact. For the implementation of the adaptive control algorithm presented in this paper, the on-board controllers are left intact and the external adaptive controller is wrapped around the feedback loop.
There are five main components to the system that must be included in the model: the spindle dynamics, the magnet dynamics, the on-board controllers, the current amplifiers, and the position sensors. Each is dealt with in the following sections. Definitions of the variables and parameters used in the description of the model and system are given in Table 1 and  Table 2 . 
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Spindle Dynamics
Both the rigid and the first two flexible body modes were incorporated into the simulation. Because the axes are uncoupled, we may look at each independently and can assume that the dynamics in each direction are the same (with the exception of the constant force of gravity in the y-direction). On the experimental set-up, the external force is applied in only the x-direction, so the equations of motion will be derived only for the x-direction.
Rigid Body Dynamics. For rigid body motion, the spindle is assumed to move without bending. (Flexible body motion will be considered in the next section.) Figure 2 shows the spindle from above. The coordinate system and variables are defined as shown. The axis are uncoupled, so, assuming the spindle is radially symmetric, the x-and y-axes will have the same equations of motion (again, with the exception of the constant force of gravity in the y-direction). As shown in the figure, the sensors are located just outside the bearings along the spindle and the external force, , is applied near the center of mass of the spindle in the negative x-direction. 
F e
There are two rigid body degrees of freedom for each axis. This means that there must be two independent coordinates chosen to describe the system. In this case, it is easiest to choose the position of the center of mass of the spindle, , and the angle of rotation of the spindle from the equilibrium position, . The equations of motion for the rigid body motion in the x-direction are found by balancing the forces and moments about the center of the shaft.
(1) (2) The clearance at the bearings is mm, so small-angle approximations are appropriate. For rigid body motion, the only restoring forces are those exerted by the magnets, which are nonlinear and cannot be included in the linear rigid body statespace model. Therefore, the state-space system is constructed such that the forces --the external force and the bearing forces on either end of the spindle --are the inputs and the displacements of the spindle at the bearings and sensors are the outputs. The state vector is chosen to consist of the displacement of the center of mass of the spindle, the angle of rotation and their respective time derivatives. The resulting system is shown below. 
, ,
where 'RB' signifies the rigid body matrices and states. The output of the system depends on the sine of the tilt angle, which has been approximated as unity.
Flexible Body Dynamics.
Only the first two bending modes are considered for this simulation. The mass and stiffness matrices for the shaft are taken from the MBC500 manual and are essentially the free-free modes of the shaft and damping was found experimentally to be approximately 1.3% for the first bending mode and 0.15% for the second bending mode. The modal equation for the x-direction in matrix form is then
The state-space system for the flexible body dynamics can be developed in the same manner as the rigid body equations. They are expressed here as
The inputs and outputs for this state-space system must be the same as the rigid body system, but the state vectors will be different.
The total displacement of the shaft is the combined contribution of the rigid and flexible body displacements. In other words,
This displacement is then the input for the position sensors.
Hall Effect Sensor Dynamics
The sensors for this system are two orthogonal Hall-effect sensors at each shaft end. The sensors are actually located closer to the ends of the shaft than the bearings (see Table 2 and Figure 2 ) but we will make the approximation that they are collocated. The nonlinear sensor output is
for , where X i is measured in meters. Figure 3 shows the relationship between the sensor voltage and the displacement of the shaft. The figure also shows a plot of the above equation linearized about the equilibrium position ( ).
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Figure 3. Graph of sensor nonlinearity
As the plot shows, the output is relatively linear for low deflections but the nonlinearity becomes more pronounced with larger displacements ( m). The nonlinear relation is used in the Simulink model, but, as the system usually runs with displacements less than 0.15 mm, the linearized relation could also be validly used.
Lead-Filter Compensator Dynamics
Since electromagnets can only exert an attractive force, each bearing consists of four magnets, two magnets each in the xand y-directions. There is an analog lead-filter compensator for each of the magnet pairs. Each uses the voltage from the corresponding sensor as input and produces an output voltage. The transfer function for the compensators is (12) These analog compensators can be removed from the feedback loop so that a digital controller can be implemented. However, for the purposes of this paper, the analog compensators were left in so that the adaptive controller could be implemented without exceeding the limitations of the dSpace components.
Current Amplifier Dynamics
The actuator current amplifier converts the control voltage to a current for the electromagnet according to
The amplifier, in essence, acts as a low-pass filter with a break frequency of, filtering out the very high frequency content of the input signal. 
Electromagnet Dynamics
The force exerted by one electromagnet on the shaft is
where is the cross-sectional area of the magnet, is the permittivity of free space, is the gap between the electromagnet and the rotor, and is the number of coils in the magnet, each carrying current . For the MBC500 at equilibrium, the gap is 0.0004 m and there is a bias current of 0.5 amps. If we define as the displacement from equilibrium and as then the total force on the shaft at one bearing due to both magnets (in one direction) is (15) for . Note that the force is proportional to the square of the current in the wire and is inversely proportional to the square of the gap width. This represents the strongest nonlinearity in the system. This relationship is plotted in Figure 4 for a range of displacements and currents. As shown in the figure, the output forces become very non-linear and large as the displacement and control current become large. In normal operation, the displacement is rather small ( m) but the control current may still fluctuate widely because of the dynamic characteristics of the controllers. 
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Modeling the closed loop system
Because of the many nonlinearities in the system, a linearized state-space model was not sufficient to model the system accurately. The biggest source of nonlinearity is the magnets, since the force they exert is inversely proportional to the square of the displacement and directly proportional to the square of the control current. Near equilibrium and at steady state, this force can be approximated as linear with a spring constant of 10,500 N/m, but outside this region ( m), the approximation is invalid. Another smaller source of nonlinearity is the Hall effect sensors. A linear approximation for these is good to m. Because of these limitations, the nonlinear model was used.
For the implementation of the adaptive control algorithm presented below, the on-board analog controllers are left in the feedback loop and the external adaptive controller is wrapped around the feedback loop.
ADAPTIVE CONTROL ALGOTRITHM
An adaptive controller called the amplitude-phase adaptive control algorithm (APACA) was designed to augment the lead-filter compensator. The purpose of APACA is to predict and compensate for the external disturbance, whereas the purpose of the lead-filter compensator is simply to levitate the spindle.
APACA is based on the MIT Rule. The MIT Rule was one of the first adaptive algorithms and is based on minimizing the cost function
where is the error signal --in this case, the displacement of the spindle --and is the parameter to be varied. This leads to the discrete equation (17) where is known as the sensitivity derivative.
APACA is designed to be used for external disturbances which are sinusoidal, have a known and fixed frequency, and oscillate between zero and some fixed amplitude. An example of this type of disturbance is grinding, where the force is always in one direction, for example the positive x-direction, and varies with the rotational speed of the tool, and so has a constant, known frequency content. Figure 5 shows a block diagram representation of how APACA fits into the total system with the non-adaptive lead-filter compensators. APACA calculates successive estimates of the amplitude and phase of a complimentary input sine wave that will combine with the disturbance to create zero net motion. The signal from the adaptive controller must go through the amplifier and magnet dynamics before driving the spindle motion through the bearing magnets. Therefore even if the exact disturbance time history is known, it cannot simply be inverted and used directly to cancel itself out. Also, in grinding applications, the amplitude of the disturbance may not be known, but the frequency most likely will be. If the frequency is not known, it can be determined by using an FFT (fast Fourier transform) algorithm on the output signal to determine the dominant frequencies, and then those frequencies can be used in APACA.
Two parameters are varied in determining the output of APACA; the amplitude of the wave and the phase shift from the disturbance wave (actually computed as a time delay where ). The output then looks like
where is the frequency of the disturbance and is assumed to be known.
The two variable parameters are calculated according to a modified MIT Rule. The sensitivity derivative is replaced by the time derivative of the error signal in the time delay equation and by a constant in the amplitude equation (which is absorbed by the constant ). The error signal in the time delay equation is replaced by the disturbance signal. These modifications lead to the recursive equations which form the basis of APACA, 
SIMULATION AND HARWARE
These equations were implemented in Simulink using the parameters shown in Table 3 .
These parameters were found through testing the controller in simulation and on the experimental setup and trying to find a balance between short convergence time and stability. Like the MIT Rule, a poor selection for and (a value that is too large) may result in system instability. However, values that are too small will result in long convergence times and a system that won't be able to adapt to changing disturbances.
RESULTS
The system was tested in simulation with a disturbance input of 0.5 N and frequency of 100 Hz. On the hardware, this corresponded to an input current of 2.3 amps. The results are shown in the following figures. In order to increase the stability of the system, APACA is not implemented in the simulation until after the transient rigid body motion has been damped out by the onboard analog controllers. The time at which APACA is turned on is marked on the plots. The maximum range of the spindle motion is m, but normal operating range is m, so the displacement of the spindle shown in Figure 6 and Figure 7 is near the limit of the normal operating range. There was a small amount of noise injected into the current amplifier signal in the simulation in order to determine its effects on the adaptation algorithm. The power of this noise was determined from steady-state experimental data. Figure 6 shows the simulated displacement of the spindle at bearing 1 in the x-direction and Figure 7 shows the displacement at bearing 2. (Since the external force is not applied at the center of the spindle, the results at bearing 1 and bearing 2 are not identical.) For s, the external force is applied with just the analog lead-filter compensators in place. This results in oscillation about a value offset from zero. At s, APACA is turned on and begins to add its signal to the system input. The displacement is quickly reduced and the spindle reaches its In the simulation, APACA attenuated the amplitude of oscillation at bearing 1 and bearing 2 by -10.5 dB and -8.5 dB respctively. On the hardware, the oscillation was decreased by -5.3 dB at bearing 1 and -7.6 dB at bearing 2. These results are summarized in Table 4 .
The output signal of APACA is shown in Figure 8 . In the simulation, the final values to which and converge are V and s respectively. This corresponds to an amplitude of N and a phase shift of rad, or . Since there are two bearings acting to counteract the external force, we would expect each to exert a force with an amplitude of half of the external force. The phase shift is due to the dynamics of the magnets and amplifiers. Due to the complexity and uncertainties of the bearing system, the experimental results did not match with the simulated results as closely as expected. Fortunately, this data provides an opportunity to increase the accuracy of the simulation for future control algorithm design and testing 
CONCLUSION AND FUTURE WORK
The two parameter adaptive control algorithm presented here yielded considerable reduction in steady-state displacement in both simulation and experiment for an externally applied sinusoidal load. Future enhancements to the current design will include four parameters to adjust in the output; the amplitude of the sine wave, the frequency of the sine wave, the phase shift, and the offset from zero. These enhancements will allow the algorithm to handle a constant disturbance, a sine wave oscillating about zero, or a sine wave of unknown or slowly varying frequency.
Ultimately, this type of algorithm will applied to a magnetic bearing grinder. A picture of a grinder rotor/bearing system is shown in Figure 9 . This system is currently installed in a test stand so that system identification and control algorithm testing can begin with an actual grinding system.This algorithm could help reduce unwanted motion of the spindle which leads to poor part finish and chatter. 
